We present a detailed analysis of the cold collision measurements performed in a high-gradient magneto-optical trap with a few trapped Cs atoms first presented in Ueberholz et al (J. Phys. B: At. Mol. Opt. Phys. 33 (2000) L135). The ability to observe individual loss events allows us to identify two-body collisions that lead to the escape of only one of the colliding atoms (up to 10% of all collisional losses). Possible origins of these events are discussed here. We also observed strong modifications of the total loss rate with variations in the repumping laser intensity. This is explained by a simple semiclassical model based on optical suppression of hyperfine-changing collisions between ground-state atoms.
Introduction
The investigation of cold collisions of neutral atoms [1] has received much attention since the introduction of the magneto-optical trap (MOT) [2] . This device not only serves to conveniently store a large number of cold atoms at sufficiently high densities, it also serves as an energy discriminator for inelastic collisions which are typically detected through loss of stored atoms leaving the MOT only if they gain enough kinetic energy during a collision to overcome the trap recapture forces.
Cold collisions have been intensely studied in MOTs with low magnetic field gradients of order B = ∂ B/∂z ∼ 10 G cm −1 . Previous experiments performed in our group [3, 4] and at Caltech [5] have shown that the dynamics of atoms trapped in a high-gradient MOT (B ∼ 100-500 G cm −1 ) is similar to that of a standard MOT. In particular, the dependence of the atomic temperature on the laser parameters is the same, because within the small trapping volume the Zeeman shift of the atomic levels is only a fraction of the natural linewidth. However, the situation for an atom escaping from the trap is very different. Even at relatively small displacements from the trap centre, the atomic levels are Zeeman-shifted out of resonance such that the decelerating light forces do not act efficiently. The strong magnetic field gradient reduces the recapture ability of the trap, leading to an enhanced sensitivity for low-energy products of collisional events. In particular, exoergic hyperfine-changing collisions of atoms in the ground state contribute to the total losses and are easily observable. Schematic overview of collisional processes in a MOT. Shown are interaction energies between two atoms in the ground and excited states S + P (resonant dipole-dipole interaction ∼ ± 1/R 3 for large R) and two ground-state atoms S + S, F = (4, 4), (4, 3) , (3, 3 ) (short-range interaction, essentially flat at long distances) together with distances characteristic for resonant excitation by both MOT lasers. At very short distances around R G a change of the ground-state hyperfine structure can occur. R C denotes the point where the repumping laser is resonant with the repulsive potential curves. The MOT cooling laser can resonantly excite the atom pair at R 0 . For the heavy Cs atoms all three characteristic distances are clearly separated, thus the blue detuned repumping laser can effectively inhibit collisions between two ground-state atoms (see section 5.3).
Recently we have shown that a high-gradient MOT gives access to a novel method of cold collision studies [6] . In this system individual cold collisions can be observed in real time because the number of trapped atoms is small and can be determined exactly. Collisional loss events are identified as pairs of atoms leaving the trap. In contrast to experiments with a large number of atoms, we discriminate one-atom losses and two-atom losses with 100% efficiency. Two new effects have been observed. First, we found that a significant number of inelastic collisions leads to loss of one atom only. Second, ground-state collisions can strongly be suppressed by the repumping laser light. It is the purpose of this paper to give a full account of our observations and interpretations reported briefly in [6] . Extended analysis provides a more detailed qualitative and quantitative understanding.
Cold collisions in a MOT
In a MOT operated with near-resonant laser light, atoms are stored at kinetic energies near the Doppler temperature T D given by k B T D =h /2. For Cs, the atomic natural linewidth is = 2π × 5.22 MHz and T D = 125 µK. Collisional dynamics in the presence of near-resonant laser light is governed by the long-range resonant dipole-dipole interaction. Asymptotically, the potential is of the form V S+P = ±C 3 /R 3 for one atom in the ground and one atom in the excited state, with C 3 ≈h [λ/(2π)] 3 . Three main exoergic collisional processes have been identified [1] and are distinguished through the origin of energy gain: radiative escape (RE), fine-structure-changing collisions (FCCs) and ground-state hyperfinechanging collisions (HCCs). The first two are light-induced processes and involve the attractive branch of the quasimolecular potential V S+P = −C 3 /R 3 . The MOT cooling laser, typically red-detuned by a few natural linewidths from the cooling transition, resonantly excites an atom pair at a separation R 0 (see figure 1) . For a detuning δ < 0, R 0 is given by V S+P (R 0 ) =hδ. After an excitation to an attractive level the atoms are accelerated towards each other. During the collision, spontaneous emission of a photon red-shifted from the atomic resonance can take place. This so-called RE process is described by
with energy E RE /2 =h(ω − ω )/2 transferred to each atom. The resulting kinetic energy has a continuous distribution and the corresponding loss rate is sensitive to both the effective trap depth and the initial temperature of the stored atoms. If spontaneous emission does not occur, the atoms oscillate on the quasimolecular potential curve until they undergo a change of fine structure represented by
with the energy E FCC /2 transferred to each atom. Due to the large fine structure splitting in Cs ( E FCC /2k B = 400 K), this process always causes an escape of both atoms from the MOT, which is usually not deeper than 1 K. HCC processes occur at a smaller interatomic distance R G due to the steep van der Waals potential V S+S = ±C 6 /R 6 . Atoms stored in the upper (F = 4) hyperfine state (HFS) can gain kinetic energy, because a change to F = 3 in one of the colliding atoms transfers E HCC /2k B = 0.22 K to each atom. If both atoms change their F quantum numbers, twice this energy is released. Thus, HCC processes will also contribute to the total loss rate if the MOT trap depth is reduced below this energy.
As we will see in the following, the atoms can also couple to a repulsive quasimolecular state by excitation with the MOT repumping laser at radius R C (see figure 1) . Here, decelerating forces can prevent atoms from reaching distances smaller than R C where HCC processes occur. This effect will be discussed in detail in section 5.3.
Kinetics in a high-gradient MOT

Trap depth
Trapping of atoms in a MOT is achieved by dissipative rather than conservative forces, and the recapture ability is therefore appropriately characterized by the minimum initial kinetic energy enabling an escape, designated in the following as trap depth. Precise knowledge of the trap depth is essential for a detailed interpretation of the measurements. We numerically calculate atomic trajectories under the influence of the trapping laser field similar to [7] . The force exerted on an atom is expressed as the net absorption rate from every laser beam times the photon momentum. To determine the influence of trapping and repumping lasers, all sublevels of both ground states as well as the relevant excited states (F = 4, 5) are included. The populations of the various magnetic sublevels are calculated by means of rate equations. Furthermore, the strength and Zeeman shift of each transition and the Doppler shift for every laser beam are explicitly taken into account. By projecting all laser beams onto the quantization axis determined by the local magnetic field B at every point of the trajectory, we account for the three-dimensionality of the problem.
In figure 2 (a) we show the calculated trap depth as a function of the field gradient for typical cooling laser detunings δ. Here s 0 = I /I 0 , with saturation intensity I 0 = 1.1 mW cm −2 and total cooling laser intensity I . Note that with increasing B the trap depth first increases to a maximum value and falls off again. For a homogeneous beam profile the maximum trap depth is obtained at a magnetic field gradient B δ ≈hδ/(µ B r beam ) where the Zeeman shift at beam radius r beam compensates the detuning δ of the cooling laser, with µ B as the Bohr magneton. The reason for this behaviour is qualitatively explained in figure 2(b). The decelerating force acting on an escaping atom is spatially dependent due to the Zeeman effect and the intensity profile of the laser beam. In a standard MOT with moderate field gradients the size of the laser beam mainly determines the extent of the region in which atoms can be decelerated. An increase of the magnetic field gradient leads to a larger decelerating light force and thus to a deeper trap. In a high-gradient MOT, however, the maximum (resonant) value of the light force is already achieved within the laser beam and a further increase in B will only shorten the decelerating distance, reducing the recapture ability of the trap. This will manifest itself, in our case, in overall higher collisional loss rates, as will be shown in section 5.1. To obtain a reasonable loading rate, the absolute value of the cooling laser detuning has to be increased to several natural linewidths.
Temperature of stored atoms
Cold collisions in a MOT are also affected by the initial kinetic energy defining the flux into each loss channel. Within the Doppler cooling theory [8] the light force in the centre of the MOT can be described by F = −κz − αż − ξ(t). Here κ is the MOT spring constant proportional to B and α is the damping coefficient. The fluctuating Langevin force ξ(t) accounts for the stochastic nature of photon absorption and emission and is responsible for heating processes. In the simple case of a two-level atom moving in a standing wave of σ + -σ − counterpropagating laser beams (1D MOT configuration) of low intensity, the Doppler theory predicts that dissipative forces dominate at the trap centre in a high-gradient MOT, whereas at small displacements from the centre (a few micrometres) restoring forces can become dominant and may even dominate over a wide part of the trap volume. Using the equipartition theorem, the temperature in a Cs MOT is usually approximated by
for low cooling laser intensities (s 0 < 1) and detunings |δ| > 2 [9, 10] . In our intensity regime (s 0 > 10) the trap was observed to have a Gaussian envelope with size r 0 proportional to √ s 0 , as expected for a gas with a Maxwell-Boltzmann velocity distribution confined in a harmonic potential. In figure 3 (a) we show the temperatures given by equation (3) (dashed line). For low intensities and high detunings this is the same temperature dependence found experimentally [9] and theoretically [11] for a Cs 3D σ + -σ − optical molasses and was also adequately confirmed in the Caltech group for a high-gradient MOT [5] . However, as experimental results show, the linear dependence fails if the effective saturation parameter for total laser intensity reaches
2 ] ≈ 1. To account for the high laser intensities used in our experiment, we use a temperature estimation by means of a semiclassical model similar to trap depth calculations. Here we assume that the atoms are decelerated by the light force from the trap centre with initial kinetic energy k B T r up to the edge of the MOT with the measured trap radius r 0 . For simplicity, we use a fictitious atom with a J = 0 → J = 1 transition in counterpropagating σ + -σ − laser beams [12] . In this model no restrictions are made for the light field intensity and for the velocity (temperature) of the atoms. Since the cooling cycle can be treated as closed within the MOT volume we neglect repumping transition states. As shown in our previous work [16] , stored atoms in our MOT are pumped into the states maximally coupled to the light field which supports the used model. Furthermore, sub-Doppler theory is known to fail for intensities above s 0 > 1 and nonzero magnetic fields [13] and thus we ignore wavelength-scale polarization gradients. The results of our calculations are shown in figure 3(a) (solid curve). The temperatures given by equation (3) are similar for lower intensities, whereas for values above s 0 ≈ 50 (corresponding to s ≈ 1) the temperature reaches a finite value, as one would expect for a two-level atom due to power broadening of the cooling transition. In fact, such a qualitative behaviour, i.e. the deviation from the linear dependence of the temperatures with increasing laser intensity, has also been observed in a Cs optical molasses [9] and a standard Rb MOT [14] as the effective saturation parameter reaches s ≈ 1. To manifest our temperature calculation we applied this model to trap parameters of a high-gradient MOT [4] with a larger number of atoms. Here, we found good agreement with measured temperatures for detunings |δ| > 2 , at which κ was found to be independent of laser intensity [10] (see figure 3(b) ). In particular, the model yields a qualitatively more realistic dependence of T from /|δ| than the linear dependence of equation (3).
Experiment
Our experimental setup has been described in detail elsewhere [15] [16] [17] . A six-beam σ
MOT is loaded from low-pressure Cs vapour. The magnetic quadrupole field of B = 375 G cm −1 is produced by permanent magnetic discs. Diode lasers are used to provide cooling and repumping laser beams. The detuning of the cooling laser from the F = 4 → F = 5 transition is controlled via heterodyne phase locking to a reference laser. For depopulation of the lower ground state the repumping laser is stabilized by polarization spectroscopy to the F = 3 → F = 4 transition with linewidth less than 1 MHz. It is superimposed onto the cooling laser beams in two (x + y) of the three MOT axes. The laser beams are apertured to a beam radius of r beam = 2 mm. The saturation parameter of the cooling laser can be varied between s 0 = 12 and 115. The lower limit of s 0 is caused by the rapidly dropping loading rate such that the MOT dynamics becomes too slow. Fluorescence from the atoms is imaged onto two opposite detectors in the x-y plane at an angle of 45
• with respect to the laser beams, see figure 4. On the one side the MOT is imaged onto a CCD camera to measure the spatial distribution of the atoms. The 1/e 2 radius r 0 of the trap is in the range of 7-24 µm depending on the detuning and intensity of the cooling laser. The trap size was observed to be independent of the atom number (up to N = 8) ensuring that radiation trapping effects [18] can be ignored. Fluorescence photons are also detected by an avalanche photodiode (APD) with a detection efficiency of 50% at λ = 852 nm. The APD is cooled to −10
• C to reduce its dark count rate below 15 s −1 . A lens mounted inside the vacuum chamber collects the fluorescence light from a solid angle of 4%. Typical photon count rates are (3-20) × 10 3 s −1 /atom depending on the cooling laser detuning and intensity.
The photon counts are integrated within time intervals of t I = 100 ms and recorded for many hours at constant trap parameters. A typical sequence is shown in figure 5 . We directly resolve the temporal evolution of the atom number N(t) in the trap, limited to an atom number N < 20 by the signal-to-noise ratio. A computer program digitizes the signal N(t) and extracts the desired information on the collisional statistics. The probability for misinterpretations (for example two one-atom losses occurring simultaneously within t I being detected as a two-atom loss event) is below 1% and can be neglected.
In experiments with many atoms the dynamics of the atom number N obeys the rate equationṄ Atoms are loaded at random from the background atomic vapour at rate R or are removed from the trap by collisions with background gas at rate 1/τ c . Due to the inelastic cold collisions described above, atom pairs can leave the trap. Knowing the temporal evolution of the trapped atom number N(t) and their density profile n(r, t), the total rate coefficient β ([β] = cm 3 s −1 ) for cold collisions can be derived. However, radiative trapping effects (typically for atom numbers N > 10 6 ) may change the density profile and much effort is needed to precisely determine the absolute atom number N(t).
In our experiment the exact number of trapped atoms is known which allows us to distinguish separate loading and loss events. This leads to the following rate equation with two loss rates L 1atom and L 2atoms for one and two atoms respectively:
(5) Figure 6 shows the measured loading and loss event rates as a function of the atom number N. We observed no change of the loading rate R with N, and L 2atoms shows a dependence proportional to N(N − 1) as expected. If one-atom losses are assumed to result from collisions with background-gas atoms only, L 1atom should depend linearly on the atom number (see appendix for details). Astoundingly, a quadratic increase of the one-atom loss rate has been observed. Possible explanations for this observation will be discussed in section 5.4. The occurrence of the quadratic one-atom loss rate leads to the following equations that connect L 1atom and L 2atoms with the corresponding rate coefficients β 1 and β 2 :
V is defined by the peak density volume V p of the Gaussian sphere, From equations (5) and (6) we derive the rate equation for small atom numbers that includes the total loss coefficient β = β 1 + β 2 ,
Note that errors for measurements of β are only given by the number of loss events and by the uncertainty of the trap size r 0 .
Results and discussion
Cooling laser dependence
Monitoring β as a function of the cooling laser intensity is a standard measurement in cold collision studies. The first experiment of this kind was carried out by Sesko et al [19] for a standard Cs MOT. The intensity dependence shown in figure 7(a) (circles) was observed, with a rate constant decreasing rapidly from β ≈ 8 × 10 −11 cm 3 s −1 at low intensities to β ≈ 3 × 10 −12 cm 3 s −1 at s = 0.7, followed by a linear increase at higher intensities. This characteristic minimum in the intensity dependence of β was also observed for other alkalis in standard MOTs [1] and is usually explained in the following way. With increasing cooling laser intensity the trap depth eventually exceeds the value of E HCC and closes this loss channel. With further increasing intensity light-induced losses play the dominant role leading to a loss rate roughly proportional to the laser intensity. Alternatively, Telles et al [20] attribute the increase of β with lower intensities to RE processes only. If with decreasing intensity the trap depth falls off faster than the average energy released by RE processes an increase of the loss rates can occur. However, we have carefully studied this case for our parameters but did only find an increase of the RE loss rates for intensities below s < 0.1 which is far apart from the parameter range relevant for our experiment.
In our MOT, strong field gradients strongly reduce the trap depth even at large intensities. Hence HCC processes always contribute to the loss rate and no minimum is observed ( figure 7(a), squares) . This situation has also been observed and discussed in [7] for a Rb MOT at large cooling laser detunings when the trap is sufficiently shallow.
The overall higher collisional loss rate in our measurements in comparison to standard MOTs is partially due to a larger contribution of RE losses caused by a lower trap depth as explained in [6] . To support this interpretation, we used the numerical model presented above to calculate the trap depth for the parameter in [19] (B = 5 G cm −1 , δ = −1 and Gaussian beam profile with r HWHM = 2.5 mm) as well as for our parameters, see figure 7(b). Both curves show the same qualitative behaviour, but for our case of high B the trap depth is nearly half that in the standard MOT [19] . However, the calculated trap depth still remains slightly above 0.22 K. Our model might overestimate the trap depth of the standard MOT, because below s = 0.7 the trap depth should decrease below 0.22 K. This may indicate that either the model is not sufficiently sophisticated or the released energy is mainly due to F = −2 HCC processes.
However, we calculated the expected light-induced loss coefficients for RE and FCCs using the simple model by Gallagher and Pritchard (GPM) [1, 21] and made some extensions to the model compared to our previous work [6] . In particular, we included both the trap depth and the atomic velocity distribution in our calculations. Furthermore, we introduced the loss coefficient β HCC for HCC processes as a temperature-dependent offset to the light-induced losses.
The result for the total collisional loss coefficient is shown in figure 7 (a) (solid curve). The dotted curve is a fit of β HCC to experimental data, which we discuss later in section 5.3. By scaling the loss coefficient for RE and FCCs with a factor of 5.1 we find good agreement with our data. For the FCC processes we used a transition probability P J = 0.035 as an average over all relevant entrance channels [22] . Here, the RE losses were found to be about twice the FCC losses which let us assume that RE is the dominant loss process in our trap. Note that the model is known to yield the expected loss coefficients qualitatively rather than in a quantitative manner [1] . However, due to the simplifications made in this model, the results are quite reasonable and we find consistency with the scaling factor of 4.5 for light-induced processes as found for the standard Cs MOT [23] . 
Repumping laser dependence
The repumping laser is usually not taken into account in cold collision studies. Although needed for a normal MOT operation, its exact parameters are not very critical for the MOT performance. On average only after 10 4 cooling cycles does an atom decay into the lower HFS and has to be pumped back into the cooling cycle. The corresponding repumping time only has to be sufficiently shorter than the typical diffusion time of the atom through the trap volume (milliseconds). This is easily achieved for a large range of repumping laser intensities. In our experiment, however, we have observed a strong dependence of the losses on the repumping laser intensity, first presented in [6] .
We observed a decrease of the total loss rate to a constant offset with increasing repumping laser intensity I r , see figure 8 . For all trap parameters, we found the same qualitative behaviour but with different decay constants and offsets. The maximum change in the loss rate is up to 30%. Note that in figure 8 we plotted the loss rate β 2 /V instead of the loss coefficient β 2 , to disregard the large error in V . This is justified since the trap size is independent of s r .
Before we discuss the underlying mechanism, we will exclude two alternative explanations of the observed effect. First, the trap depth does not significantly change due to variations of the repumping laser intensity (see figure 9 ). The trap depths are essentially independent (at most 7% change) of the repumping laser intensities used for measurements in figure 8 . Such small variations of the trap depth cannot influence FCCs and HCCs with their fixed values of the released energy. We also calculated the dependence of the RE loss rate as a function of the trap depth by means of the GPM. The model predicts that the RE collisional loss rate should only decrease by about 3% for our trap parameter range. Neither the variation of the decay constants nor the absolute reduction of the loss rate can be explained by this model.
In principle, it is also possible that the products of an HCC ending in the F = 3 ground state are sensitive to the repumping laser intensity. An escaping atom has to be repumped into the cooling cycle before it feels the decelerating light force again. This effect has been discussed and indeed observed in [7] but at much lower repumping laser intensities. The Doppler shift for an atom at E kin = k B × 0.22 K is 1.2 . Since the repumping laser is exactly at resonance and the saturation parameter is still well above 1, the repumping time is of the order of several natural lifetimes 1/ . For our parameters, this time can be completely neglected compared to the time the atom needs to escape from the trap, which is of the order of some tens of microseconds, ruling out this effect to account for the observed reduction of the loss rate.
Optical suppression by the repumping laser field
Light fields can not only facilitate inelastic collisions by exciting atom pairs to long-range attractive molecular potentials, they can also modify atomic interactions such that collision partners are prevented from close encounters. This phenomenon is called optical shielding and was studied by several groups [24] [25] [26] [27] [28] . In a simple semiclassical picture (see figure 1) both atoms, initially in the ground state, approach on the S + S potential curve. At the Condon radius R C a laser detuned by to the blue becomes resonant with a repulsive molecular state. The atoms are excited and repel each other before they reach a distance R G < R C where a change of the hyperfine ground state occurs. This leads to a suppression of inelastic ground-state collisions.
A more complete description of the dynamics of this process is obtained in the dressedatom picture (see figure 10(a) ). If the atomic motion is again treated classically, the internal quantum states of the system are represented in a product basis of atomic and field states. In this basis the two relevant states |S + S, n γ and |S + P, n γ − 1 are energetically degenerate at R C (dotted lines in figure 10(a) ). The coupling of these levels causes a Rabi splitting ofh at R C . If the atoms approach, the system can adiabatically follow the upper repulsive potential curve, or undergo a transition to the lower-lying curve. The transition probability is given by the Landau-Zener formula [29] ,
where
is the difference of the slopes of the potential curves and v C the relative velocity of the colliding partners at R C . The Rabi frequency is expressed as a function of s r as = 1/ √ 3 × √ s r /2 × . The factor of 1/ √ 3 results from directional averaging of the collision axis relative to the polarization vector of the laser light [30] .
If a diabatic transition occurs, the atoms approach more closely and a change of the HFS can occur with probability η. If an HFS collision does not take place, the atoms separate and reach the Condon point again. A following of the lower potential curve, which requires another transition, would lead to an energy transfer of E kin ≈h to the atoms.
Note that at first sight it is impossible to discriminate these light-induced inelastic collisions from F = −1 HCC processes, since the released energies are approximately equal. For an atom pair reaching R C , the loss probability P loss is
which can be rewritten as
However, we shall see below, that P LZ is either 1 or 0 and thus induced losses with probability P ind ∝ P LZ (1 − P LZ ) can be neglected. The MOT repumping laser is blue-detuned by = (9.19 − 0.25) GHz = 8.94 GHz due to the difference in hyperfine splitting between the cooling and repumping transitions. For typical repumping laser intensities the Rabi splitting is of the order of several . To reach R C , the atom pairs must have a kinetic energy of half that splitting. If the temperature of the MOT is near the Doppler temperature T D =h /2, a significant number of the colliding atoms will be reflected before a collision will take place. Integration over the Maxwell-Boltzmann distribution W r of relative velocities v yields the observable total loss probability,
with
whereṽ = √ 2k B T /µ is the relative velocity at temperature T and µ = m/2 is the reduced mass. The velocity v C (v, s r ) in the Condon point depends on the repumping laser saturation parameter s r and the initial velocity v which is derived from energy conservation,
r ) = 0 the lower integration limit in equation (13) is given by v min = √h /µ. For the evaluation of equation (13) one has to calculate the transition probability P LZ for different intensities of the repumping laser (see figure 10(b) ). For all relevant parameters, P LZ shows a step-like shape. Due to the strong exponential dependence in equation (9), P LZ rises from 0 to nearly 1 within a small velocity interval v. Expressed in terms of the characteristic atomic velocity in the trap v D at T D , v < 10 −2 v D for < 4 and P LZ = 0.95. Thus, the atoms are divided into two velocity classes. Slow atoms (v < v min ) are deflected before they reach the crossing point, whereas atoms with enough kinetic energy (v > v min ) pass through the crossing point diabatically. They approach more closely and possibly undergo a change of HFS.
The induced losses are negligible in equation (12), since the interaction region becomes very narrow due to the steep potential curves at R C ≈ 100 Å. The resulting interaction time is of the order of 0.1 ns which is much smaller than the excitation time π/ √ 6/s r ≈ 230 ns/ √ s r . Assuming P LZ = 1 for v > v min , then we rewrite equation (13) as
Note that the observed loss probability P S should only depend on the ratio of (s r )/T . Varying T changes the fraction of atoms which contribute to HCC losses as can be seen in figure 10(b) .
In figure 8 we showed theoretical predictions according to equation (15) Finally, we want to give a crude estimation of the transition probability η for HCC processes using the semiclassical Langevin model [31] . By setting the collisional rate coefficient of nonshielded ground-state atoms equal to the Langevin capture rate coefficient times η we obtain
where C 6 = 4340 eV Å 6 is the van der Waals coefficient for two ground-state Cs atoms [32] . A value of η = 0.59 ± 0.11 fits to our data which agrees reasonably well with the estimated value of 0.3 determined in a standard Cs MOT [23] , taking into account that the presence of the repumping laser field partially reduces HCC losses and thus may underestimate η. In particular, we found a suppression factor of about β HCC ≈ 1/3β 0 HCC for our collision measurements with varying cooling laser intensity at a constant repumping laser saturation parameter s r = 4, yielding the HCC loss coefficient as shown by the dotted curve in figure 7(a) . 
Cold collisions with one-atom loss
The unique ability to directly observe and to distinguish between one-and two-atom loss events allows us to identify two-body collisions between trapped atoms that lead to the departure of only one atom (see figure 6 ). Up to 10% of the observed cold collision losses are two-bodyinduced one-atom losses. Despite a careful analysis of the possible origins presented below, this effect still remains puzzling.
An inelastic collision of two cold atoms of equal mass and nearly at rest in a MOT is highly symmetric. As a result of a collision, both atoms leave the trap in opposite directions with nearly identical velocities. The kinetic energy of the atoms before a collision is of the order of about 100 µK and can be neglected. Not only is the gained energy equally divided between both escaping atoms but also the MOT configuration is symmetric with respect to the axis defined by the direction of motion. The production of a one-atom loss requires an energy gain comparable to the effective trap depth. This immediately excludes large-energy FCC processes as a possible loss channel. Furthermore, there is no obvious variation of the one-atom loss rate β 1 with cooling laser intensity nor with repumping laser intensity (see figure 11) .
Thus we conjecture that ground-state HCCs can be ruled out because they, in contrast, show a strong dependence on the repumping laser intensity as described above. Also, the exact location of the collision in an anisotropic MOT cannot be very critical for the subsequent recapturing process. The maximum difference in the trap depth for two atoms starting their escape in the outermost region of the MOT volume or at the MOT centre was calculated to be less than 3% but can be neglected on average. Furthermore, the intensity imbalance of the counterpropagating beams, which can be measured precisely, does not change the effective trap depth significantly.
We suggest that one-atom losses are products of RE processes only. Most of the energies E RE released by RE processes are of the order of the trap depth because the distribution of E RE falls off faster than exponentially with increasing energies. One possible mechanism breaking the symmetry of the collision process could be optical pumping during a slow cold collision. For simplicity, let us suppose there are two atoms in the same outermost Zeeman state m F = 4 after a collision. In order to be recaptured, one atom has to be decelerated by a σ + -polarized laser beam while the second one will be slowed by the counterpropagating σ − -polarized beam. Due to the very different coupling strengths, both atoms feel different decelerating light forces at the beginning. Numerical simulations show a rapid redistribution of the population among the m F states during the first 10 µm, which leads to an asymmetry in the trap depth of the order of 3%. The net change of the trap depth due to statistical fluctuations of the number n of scattered photons and deviations from original straight-line trajectories due to anisotropy of the trapping potential [27, 33] scales as n 3/2 and is about 10% for the cooling laser intensities used in our measurements. The resulting predictions for the RE loss coefficient β RE due to the uncertainties in the trap depth discussed above are shown in figure 11 (dashed lines). Although β RE roughly reproduces our experimental data, the results have to be taken with care since the used GPM describes the RE loss processes qualitatively well but tends to underestimate the expected RE loss rates by about a factor of 1/5 as discussed in section 5.1. The included velocity distribution of the stored atoms in our calculations merely increases the RE loss coefficient by about 12%. So further studies are needed to explain this effect.
Conclusion
We have presented a detailed analysis of the cold collision measurements in a high-field gradient MOT. Two main effects result from the stiff magnetic field. The trap loading rate from the background gas, and thus the number of trapped atoms, is drastically reduced. Exact determination of the number of trapped atoms and monitoring its changes due to collisions in real time provide a novel tool for cold collision studies. The second effect of the strong magnetic fields is the reduced effective trap depth, which makes observation of hyperfinechanging ground-state collisions easier. We have observed and described theoretically a strong suppression of these collisions by the MOT repumping laser. This effect is always present in alkali MOTs and can mask measurements of β HCC .
